ercise training attenuated the PKB and GSK-3 dephosphorylation in the myocardium of ZDF rats.
TYPE 2 DIABETES IS A PREVALENT cause of morbidity and mortality, mainly due to cardiovascular complications (14, 29, 53) . The underlying events remain unclear, but a decrease of myocardial glucose oxidation represents an early pathophysiological event and occurs before both contractile and pathological changes (1) . The serine (Ser)/threonine (Thr) PKB is an intracellular signaling enzyme activated after insulin binding to its cognate receptor and implicated in glucose homeostasis (28) . The latter was confirmed in transgenic studies, as mice lacking PKB-␤ expression displayed many features of Type 2 diabetes observed in humans, including hyperglycemia, insulinemia, and hepatic insulin resistance (7) . PKB is biologically active after the dual phosphorylation of the Thr 308 residue in the kinase domain and the Ser 473 residue in the hydrophobic C-terminal regulatory domain (2) . The mechanisms behind this dual phosphorylation remain unclear. Phosphorylation can be induced by IGF-I or insulin, through activation of the phosphatidylinositol 3-kinase (PI3K) pathway (3) . Phosphorylation of Thr 308 can then be mediated by 3-phosphoinositide-dependent kinase-1. Regulation of the phosphorylation of the Ser 473 residue is less understood. It could involve various signaling events, including the putative kinase phosphoinositide-dependent kinase-2, that could be modulated by exercise or by many molecules, such as ceramides or integrin-linked kinase (33, 45, 51) . A putative physiological substrate of PKB is glycogen synthase kinase-3 (GSK-3), a ubiquitously expressed Ser/Thr kinase with two related isoforms, GSK-3␣ (Ser 21 ) and GSK-3␤ (Ser 9 ) (56) . PKB-mediated phosphorylation of GSK-3 leads to inactivation of the enzyme, thereby maintaining glycogen synthase in a dephosphorylated active state, leading to glycogen synthesis (11) . It has been documented that diabetic rat hearts accumulate glycogen and that high-glycogen content diminished the physiological action of insulin (5, 12, 38) .
Although the mechanism(s) contributing to impaired myocardial glucose homeostasis in the setting of diabetes remains undefined, dysregulation of PKB and GSK-3 may represent a salient pathophysiological event. In this regard, the following study tested the hypothesis that phosphorylation of the PKB/ GSK-3 pathway was impaired in the myocardium of the Zucker diabetic fatty (ZDF) rat, an insulin-resistant animal model that genetically manifests characteristics of Type 2 diabetes observed in humans (8) and significant alterations in oxidative and nonoxidative cardiac carbohydrate metabolism (4). Second, exercise training was shown to reduce the risk of heart disease and improve diabetic-mediated cardiovascular abnormalities (17, 36, 43, 44) . Moreover, in insulin-resistant human subjects and in the obese Zucker nondiabetic rat, exercise normalized the action of insulin and enhanced glycogen synthesis (16, 46) . Based on these observations, a second series of experiments was performed to test the hypothesis that swimming exercise can ameliorate the regulation of PKB/ GSK-3 in the myocardium of ZDF rats.
MATERIALS AND METHODS
All protocols were approved by the Animal Care Committee of University of Quebec in Trois-Rivières and followed the Principles of Laboratory Animal Care (NIH publication 1985) . Nine-weekold obese male ZDF (ZDF/Gmi fa/fa) and weight-matched nondia-betic littermates (ZDF/Gmi ϩ/fa) were obtained from Genetic Models (Gmi, Indianapolis, IN). To develop severe obesity, this model uses the Purina 5008 diet. It was not used in the present study to weightmatch the animals and to avoid excessive buoyancy that could have decreased the training stimulus. Instead, a standard rat diet was used, and the animals were fed ad libitum. The 16 ZDF rats were randomly divided into two groups, ZDF exercise (Exe) (n ϭ 8) and ZDF sedentary (Sed) (n ϭ 8), as were the wild type (WT), WT Exe (n ϭ 8) and WT Sed (n ϭ 8). The light-dark cycle was 12:12 h.
Exercise-training regimen. Rats initially swam 15 min/day (5 days/wk) in a temperature-controlled bath set at 36°C, and duration was gradually increased by 15 min/wk until a regimen of 150 min/day was achieved. Training lasted for 13 wk.
Experimental procedures. Blood glucose was measured each week with a glucometer (Elite XL, Bayer, Toronto, Ontario) using blood taken from the tail. Hyperglycemia was defined as a blood glucose level of Ͼ15 mM. Once hyperglycemia was established, rats immediately began the training regimen. Forty-eight hours after the last training period, rats were anesthetized with isoflurane (Janssen, Toronto, Ontario) and killed by decapitation. All experiments were performed in the morning. Blood samples were collected from the neck into heparinized glass test tubes for plasma glucose (Glucose oxydase kit; Sigma, Oakville, Ontario) and insulin measurements by radioimmunoassay (Linco Research, St. Charles, MO). After blood sampling, the heart and muscles were rapidly excised. The heart was separated into atria and left and right ventricles. All tissues were weighed, frozen in liquid nitrogen, and stored at Ϫ80°C until tissue analysis.
Tissue homogenization and sample preparation. The left ventricle and the rectus femoris were pulverized in a mortar cooled with liquid nitrogen and subsequently transferred to a lysis buffer containing 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, pH 7.4, 1% Triton X-100, 0.5% Nonidet P-40 protease inhibitors (0.5 mM PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin), and phosphatase inhibitors (100 M sodium orthovanadate, 10 mM sodium fluoride) and homogenized. Lysates were subsequently centrifuged at 12,000 g, 4°C, for 10 min to remove insoluble material. The supernatant was removed, and protein content was determined by the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA).
Western blot analysis. Left ventricular lysate (100-200 g) was subjected to SDS-polyacrylamide gel (10%) electrophoresis and subsequently transferred to Hybond-C membrane (Amersham, Piscataway, NJ). Equal loading of the samples was confirmed by Ponceau S staining. Membranes were blocked with either 5% BSA or 5% skim milk in Tris-buffered saline ϩ Tween 20 (TBST; 10 mM Tris, 150 mM NaCl, pH 7.4, 0.1% Tween 20) (vol/vol) for 90 min at room temperature before the addition of the primary antibody. Antibodies directed against PKB protein (Santa Cruz Biotechnology, Santa Cruz, CA), PKB Thr 308 , PKB Ser 473 , GSK-3␤ protein, phospho-GSK-3␣/␤ (Cell signaling, Beverly, MA), and heat shock protein (HSP) 72 (Stressgen, Victoria, BC) were prepared at a concentration of 1:1,000 (PKB and GSK-3) or 1:20,000 (HSP72) in either TBST ϩ 5% BSA (PKB and GSK-3) or TBST ϩ 5% skim milk (HSP72), and incubated for 18 h at 4°C.
After incubation, the membranes were washed with TBST and subjected to the appropriate secondary antibody (conjugated to horseradish peroxidase) for 1-2 h at room temperature, and the bands were subsequently detected by autoradiography utilizing the enhanced chemiluminescence detection kit (Amersham). Films were quantified by using a flatbed scanner and Scion image (Scion, Frederick, MD).
Glycogen content and phosphofructokinase activity. Glycogen concentration in the left ventricle was determined spectrophotometrically by using sulfuric acids, as described by Lo et al. (30) . Cardiac homogenates for phosphofructokinase (PFK) activity were prepared in 100 mM potassium phosphate buffer, pH 8.2, containing 10 mM glutathione, 0.5 mM ATP, 5 mM MgCl 2, and 30 mM NaF. PFK activity was measured spectrophotometrically at 30°C by using a coupling system, as described by Mansour et al. (34) .
Statistics. Data are expressed as units or percent change Ϯ SE. Sed ZDF were compared with Sed WT, whereas the effect of swimming in either the WT or ZDF rat was calculated as fold increase vs. its appropriate Sed control. Data were analyzed by a two-way ANOVA followed by Newman Keuls post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Morphological data, plasma glucose, insulin levels, and glycogen content of the Sed ZDF rat. Body weight (BW), heart weight (HW), and HW-to-BW ratio (HW/BW) were similar between WT and ZDF Sed groups (Table 1) . ZDF rats were hyperglycemic at 12 wk of age, and plasma glucose levels progressively rose, whereas they remained normal in the WT Sed rats throughout the study (Table 2 and Fig. 1 ). At the time of sampling, plasma insulin levels were similar in the ZDF rat and WT Sed rats (Table 2 ). Left ventricular glycogen content was significantly elevated by 63% in the left ventricle of the Sed ZDF rats, compared with the WT rat ( Table 2) .
Effect of exercise on morphological data, glycemia, insulin levels, and glycogen content in the WT and ZDF rat. Exe WT animals showed a significantly lower BW, causing an increase in HW/BW (Table 1) . By contrast, swimming had no effect on BW and HW/BW in the ZDF rat (Table 1) . Glycogen content was lower in both the WT (Ϫ33%) and the ZDF Exe (Ϫ20%) rats (Table 2) . Plasma glucose levels in the ZDF rat were significantly lower in the Exe group, by 12 Ϯ 2% (Table 2 and Fig. 2 ). There was a tendency for a decrease in plasma insulin levels in the Exe WT rat compared with Sed WT, but this did not reach statistical significance (Table 2) . By contrast, exercise increased plasma insulin levels in the ZDF rat by 70 Ϯ 28% ( Table 2) .
Regulation of PKB and GSK phosphorylation in the left ventricle of the Sed ZDF rat. In the left ventricle of Sed ZDF rats, a decreased phosphorylation state of PKB Thr 308 (Ϫ67%; P Ͻ 0.001) and PKB Ser 473 (Ϫ63%; P Ͻ 0.0001) residues was observed, compared with WT rats (Fig. 2) . However, total PKB protein content was similar in ZDF and WT rats (Fig. 2) . GSK-3␣ Ser 21 phosphorylation was significantly reduced (Ϫ64%; P Ͻ 0.01) in the ZDF rat, compared with WT (Fig. 3) . By contrast, the phosphorylation state of GSK-3␣ Ser 9 was only modestly reduced in the ZDF rat. However, total GSK-3 protein content was similar in ZDF and WT rats (Fig. 3) .
Effect of exercise on regulation of PKB and GSK-3 phosphorylation in the left ventricle of WT and ZDF rats.
In the WT rat, exercise was associated with a disparate pattern of PKB regulation, as PKB Thr 308 phosphorylation was significantly decreased (Ϫ41%; P Ͻ 0.01), whereas PKB Ser 473 phosphorylation was unaffected, compared with Sed WT rats (Fig. 2) . Interestingly, GSK-3␣ Ser 21 phosphorylation was unaffected in the WT rats after swimming, whereas GSK-3␤ Ser 9 phosphorylation was significantly enhanced (68%; P Ͻ 0.05), compared with Sed WT (Fig. 3) . In the ZDF rats, the decreased PKB Ser 473 phosphorylation of the Sed animals was partially reversed after 13 wk of swimming (Fig. 2) . Exercise training reduced glycogen content in both Exe groups, and a significant negative correlation was observed between glycogen content and PKB Ser 473 in all groups (r ϭ Ϫ0.65; P Ͻ 0.05). Interestingly, PKB Thr 308 phosphorylation of the Exe ZDF rat was also significantly increased, compared with Sed ZDF, and the level of phosphorylation was equivalent to that observed in the Exe WT rat (Fig. 2) . The significant reduction in GSK-3␣ Ser 21 phosphorylation in Exe ZDF was partially normalized. The modest reduction of GSK-3␤ Ser 9 phosphorylation in the Sed ZDF rat was normalized by exercise (Fig. 3) .
Regulation of PKB in the skeletal muscle of the Sed ZDF rat. In the rectus femoris of Sed and Exe ZDF rats, the phosphorylation state of PKB Ser 473 increased by 111 and 136%, respectively, compared with that in WT rats (Fig. 4) . Interestingly, the latter increase was associated with a 54% mean decrease in PKB total protein expression. PKB protein expression and phosphorylation were unaffected in the rectus femoris after swimming.
Regulation of HSP72 and PFK in Sed ZDF. HSP72 protein expression, as well as PFK activity (Table 2) , were not different in the left ventricle of Sed ZDF and WT.
Regulation of HSP72 and PFK in Exe WT and ZDF rats.
HSP72 expression in the left ventricle was increased by 51 and 82%, respectively, in ZDF and WT rats in response to swimming (P Ͻ 0.001). Cardiac PFK activity was increased in the heart of Exe WT compared with Sed WT rats. By contrast, swimming had no effect on cardiac PFK activity in the ZDF rat (Table 2) .
DISCUSSION
Abnormal myocardial glucose homeostasis represents an early pathophysiological event in diabetes and occurs before both contractile and pathological changes (1). The insulinresistant ZDF rat manifests numerous significant alterations in oxidative and nonoxidative cardiac carbohydrate metabolism (4). The early progression of the disease in the ZDF rat is associated with elevated plasma insulin levels. During the latter stages of the disease, pancreatic beta cells do not respond to elevated plasma glucose, leading to a reduction of insulin secretion and subsequent plasma levels (9) . In the present study, elevated plasma glucose in the ZDF rat was accompanied by a modest elevation of plasma insulin levels, compared with WT, thereby supporting the premise that pancreatic beta cell production of insulin was impaired at the time of death.
PKB activation by insulin via a PI3K-dependent pathway requires the dual phosphorylation of the Thr 308 and Ser 473 residues, which are critical to achieve a high level of PKB activity (2) . The role of PKB in glucose homeostasis includes the inactivation of GSK-3 (11). The phosphorylation level of both residues of PKB in the left ventricle of Sed ZDF rats was significantly decreased, without a change in total PKB protein content. Consistent with these data, reduced PKB activity and/or phosphorylation was observed in the myocardium and skeletal muscle of various other diabetic rat models and patients with Type 2 diabetes (16, 19, 22, 23, 27, 50) . It should, however, be mentioned that other studies have shown no reduced PKB activity or phosphorylation in muscles of patients with Type 2 diabetes (21). Interestingly, we observed an increase in PKB Ser 473 phosphorylation in the rectus femoris muscles of the ZDF animals, accompanied by a decrease in total PKB protein. It could be speculated that these observations are interrelated, representing a compensatory mechanism for the decreased protein expression.
In the present study, these changes occurred, despite a similar plasma insulin concentration in the ZDF and control animals, suggesting an alteration in insulin reactivity or in the signaling pathway before PKB. Thus compromised PKB regulation in the myocardium and skeletal muscle of the ZDF rat may, in part, contribute to abnormal glucose homeostasis.
GSK-3 is a Ser/Thr kinase consisting of two isoforms (GSK-3␣ and GSK-3␤) and phosphorylated after exposure to insulin (11) . Phosphorylation of GSK-3 is facilitated by PKB, resulting in inactivation of the enzyme and a subsequent increase in glycogen synthesis via increased activity of the enzyme glycogen synthase (11) . In the streptozotocin diabetic rat heart, insulin stimulation of endogenous GSK-3 phosphorylation via PKB is impaired (27) . Consistent with the decreased PKB phosphorylation reported in the present study, GSK-3␣/␤ phosphorylation was reduced in the myocardium of the ZDF rats, compared with WT rats, thereby suggesting increased enzymatic activity. This latter finding would appear to be inconsistent with the elevated glycogen content in the left ventricle of the Sed ZDF rat. Indeed, increased GSK-3 activity would promote glycogen synthase phosphorylation, thereby decreasing enzyme activity and subsequent glycogen synthesis (11) . It is well known that diabetes provokes an increase in heart glycogen content, despite a decline in the amount of active glycogen synthase present (26) . High cardiac concentrations of glycogen alone can result in inactivation of glycogen synthase (48) . In the myocyte, an inverse relationship has been shown between glycogen concentration and the percentage of glycogen synthase in the active form (18) . It is possible that high-glycogen content may act as a regulator of GSK-3, to limit further accumulation. We observed a significant negative correlation between glycogen and both GSK-3 residue phosphorylation (r ϭ Ϫ0.57; P Ͻ 0.05).
In the WT rat, a 13-wk swimming regimen significantly decreased BW, plasma glucose levels remained normal, and a modest decrease in plasma insulin concentration was observed. By contrast, BW remained unchanged, plasma glucose levels were significantly decreased, and plasma insulin concentration increased in the Exe ZDF rat, compared with Sed ZDF. These data indicate that swimming improved plasma glucose levels in the ZDF rat. The increased concentration of plasma insulin is consistent with previous reports highlighting a similar observation with physical training in human and rat models of Type 2 diabetes (24, 52) . Whether the increase in plasma insulin concentration was associated with the improved PKB/GSK-3 phosphorylation in the myocardium of the Exe ZDF rat remains undefined.
In skeletal muscle, it has previously been shown that decreased PKB Ser 473 phosphorylation was partially restored after chronic exercise combined with troglitazone, an insulin sensitizer that activates the peroxisome proliferator receptor-␥, in the nondiabetic Zucker rat (16) . Similarly, Luciano et al. (33) observed that 6 wk of swimming training increased PKB Ser 473 phosphorylation and GLUT-4 expression in rat skeletal muscles after insulin infusion. Based on these observations, the present study examined whether a swimming regimen for the ZDF rat would improve the status of PKB phosphorylation in the heart. Indeed, exercise significantly increased PKB Ser 473 and Thr 308 phosphorylation in the ZDF rat. This novel finding was associated with increased insulinemia, decreased glycemia, and glycogen content. One possible explanation for the improved phosphorylation level of PKB in the myocardium of the ZDF rat might be a mechanism related to glycemia. Chronic hyperglycemia reduces the efficiency of the activation step from PI3K to PKB (41) , and normalized glycemia has been shown to bring the phosphorylation and activity of PKB to a normal level (42) , a finding similar to the effect of exercise in this study. In the WT rats, swimming did not alter PKB Ser 473 phosphorylation but unexpectedly reduced Thr 308 phosphorylation. A disparate pattern of PKB residue phosphorylation has been previously observed in ceramide-treated TF-1 cells, as Thr 308 phosphorylation was decreased, whereas the phosphorylation state of Ser 473 remained unchanged (51) . The PKB activity in the Exe WT rat may thus be diminished, but probably not to the same extent as in the Sed ZDF rat, where the phosphorylation level of both residues of PKB was markedly reduced. Exercise training might have contributed to maintain glucose homeostasis, despite reduced PKB Thr 308 , by a mechanism involving increased contractile activity. Contractile activity increases plasma membrane glucose transporters even in the absence of insulin (13) . Hence, PKB activity via the usual insulin-signaling pathway (PI3K) might not be fully required for glucose homeostasis. Markuns et al. (35) found that insulin and exercise decrease GSK-3 activity by different mechanisms and that deactivation of GSK-3 was induced by a PKB-independent mechanism in rat skeletal muscle. Consistent with the improved phosphorylation state of PKB in the ZDF rat after exercise, the decreased phosphorylation of GSK-3␣ Ser 21 and GSK-3␤ Ser 9 residues was partially reversed with swimming. Thus swimming training in the diabetic ZDF rat ameliorated the phosphorylation status of the PKB/ GSK-3 pathway, which may, in part, improve glucose homeostasis in the myocardium.
PFK is an enzyme associated with the rate of glycolytic flux, which can be upregulated with exercise training (39) . We investigated PFK activity to verify the effect of the training protocol. PFK activity in the myocardium of WT and ZDF Sed rats was similar. However, its activity increased only in the Exe WT rats. The absence of increased PFK activity in the Exe ZDF rat may, in part, be related to a variety of factors, such as the presence of Type 2 diabetes or a different body composition, which could have influenced exercise intensity. We have also measured HSP72 to evaluate the effect of training in the heart. Although it is not a classic training index, it has been reported that HSP72 increased in the heart with exercise training (31, 40) . HSP72 was increased in ZDF as well as in WT animals. Exercise training may thus have protected the myocardium of both Exe groups by means of enhanced HSP72 expression. To our knowledge, it is not clear whether HSP72 expression is modified in the diabetic heart. However, studies have shown that HSP mRNA content is reduced in muscle from Type 2 diabetic patients and correlates with insulin resistance (25) . Enhanced HSP72 expression could improve recovery of myocardial mechanic (47) after ischemia (32) , reduce infarct size (20) , and decrease myocardial apoptosis (37, 54) .
As mentioned previously, hearts of diabetic rats accumulate glycogen (5, 6) . In this study, heart glycogen content was much elevated in Sed ZDF compared with control rats, despite similar insulinemia. Exercise training of moderate intensity was shown to reduce glycogen synthesis in fed streptozotocindiabetic rats, recovering from prolonged exercise (15) . In the present study, exercise training reduced heart glycogen content in Exe ZDF. This was probably not due to the effect of the last bout of exercise, because measurements were done 48 h after the last training period. It has been shown (10) that glycogen content in hearts from control animals is reduced immediately after exercise, but unchanged 24 h after the cessation of work compared with the preexercise value.
Furthermore, the latter group found in the diabetic rat heart that glycogen content, which was initially twice the normal group, was not significantly altered after exercise. High blood glucose level per se is known to increase glucose uptake in peripheral tissues by a mass action effect (55), leading to enhanced glycogen content. It has been suggested that exercise-induced depletion of the muscle glycogen stores improved insulin responsiveness secondarily (49) . Moreover, it has been demonstrated that insulin signaling, including PKB activation, was, in part, negatively regulated by muscle glycogen content (12, 38) . Thus it is possible that the elevated content of glycogen in the myocardium of ZDF rats may have partially suppressed insulin-dependent activation of the PKB/GSK-3 pathway.
In conclusion, the present study demonstrated a decreased phosphorylation of PKB and GSK-3 in the myocardium of the ZDF rat. The dysregulation of PKB/GSK-3 could contribute to the reported abnormal glucose homeostasis in the myocardium of Type 2 diabetic rats. Training improved phosphorylation of both PKB residues and partially normalized GSK-3 phosphorylation in the ZDF rat heart. In addition, exercise training significantly reduced glycemia and heart glycogen content with a concomitant increase in plasma insulin levels. It is tempting to suggest that the reduction of cardiac glycogen content in the Exe ZDF rat may have, at least in part, contributed to the improved phosphorylation status of PKB.
